Background {#Sec1}
==========

As the characteristic illness resulting from symptomatic hyperuricemia, gout, the most common inflammatory arthritis for male especially in Western countries such as the United States, causes most of its patients to suffer acute attack including severe joint pain with sudden onset, fever, redness and swelling. Besides, the occurrence of Gout had remarkable increase worldwide in the last several decades and was recently reported as around 3--5% in some Asia-Pacific countries such as New Zealand and some regions of China \[[@CR1]--[@CR3]\]. The signature acute attacks of gout usually occur intermittently, especially in the early stages. And some patients are particularly vulnerable to recurrent gout due to predisposing systematic conditions. It is indicated that gout is not only limited to inflammation and other local symptoms in certain body parts such as the tissue around the joint,, but also associated with systematic disorders, for example, several cardiovascular-metabolic conditions \[[@CR4], [@CR5]\]. In the US National Health and Nutrition Examination Survey (NHANES) 2007--2008, it stated that the prevalence of coronary artery disease in gout patients is 25%, while that of hypertension is 74%, and the prevalence of diabetes is 26%, which are all higher than the corresponding data in patients without gout (5, 29, 7.8%, respectively) \[[@CR6]\]. Furthermore, the therapeutic method to reduce serum uric acid (SUA) for gout patients and its reno-protective effect is under study \[[@CR7]\].

To distinguish between primary gout and secondary gout, the primary gout is commonly defined as the direct result of underexcretion or overproduction of uric acid; in contrast, secondary gout is resulted from predisposing medications or conditions that cause hyperuricaemia. It was recognized that, excessive intake of certain foods (which include sea food and alcohol) was the predominant risk factor of primary gout, which was also closely correlated with obesity. The other common risk factors for primary gout include various metabolic syndromes, which cannot directly cause hyperuricemia \[[@CR8]\].

Meanwhile, genome-wide association studies (GWAS) and meta-analyses were used to identify the genetic risk factors for gout, which were expected to be significant clinical indicators \[[@CR9]\]. The predisposing genetic factors may influence prognosis, drug response and the risk of concomitant adverse events for individual patient. One major class of candidate makers is the variants of the gene encoding ATP-binding cassette (ABC) efflux drug-transporter. Initially, the ABC family was studied as the efflux transporter responsible for multidrug resistance in tumor cells \[[@CR10]\] and was verified to regulate drug disposition in various organs. One of the urate efflux transporter, named ATP-binding cassette subfamily G member 2 (ABCG2), was discovered to be expressed on small intestine apical membrane and colonic epithelium apical membrane, as well as on the apical membrane of the proximal tubule cells of the kidney and the tubular membrane of hepatocytes. However, its expression level in the kidney is relatively lower than that in the liver and small intestine \[[@CR11], [@CR12]\]. It was reported in previous literature that the function loss of ABCG2 caused by genetic mutation was closely related to gout and gouty arthritis \[[@CR13]\]. A common variant of *ABCG2* gene, which is the single nucleotide polymorphism (SNP) rs2231142, was pointed out as the key factor to influence urate and allopurinol extra-renal clearance and result in metabolic abnormality \[[@CR14], [@CR15]\].

As a class of most commonly used oral urate-lowering agents, allopurinol is conventionally used to treat gout. According to the guidelines of the American College of Rheumatology (ACR) and The European League Against Rheumatism (EULAR), allopurinol is the drug of first choice for the treatment of gout, unless not tolerated or contraindicated \[[@CR16]\]. However, some patients showed incompliance with allopurinol, i.e. failed to reach the SUA target even though adequate doses of allopurinol were administrated \[[@CR17]\]. The typical limitation of the allopurinol therapy is the high variability in uricotelic response ranging from good clinical response up to showing no benefit, and remarkable risks of severe side effects such as allopurinol hypersensitivity syndrome (AHS) \[[@CR18]\]. Up to about 42% of the patients using allopurinol monotherapy were unable to reach the recommended SUA target of ≤6 mg/dl as a treatment goal \[[@CR19]\]. Recently, Roberts RL et al. \[[@CR15]\] demonstrated that the minor allele of *ABCG2* rs2231142 significantly increased the risk of reduced response to allopurinol in New Zealand gout populations, while OR = 2.71 (1.70--4.48), *P* = 6.0 × 10^− 5^.

This study was designed for further investigation into the connection of the *ABCG2* SNP rs2231142 with common comorbidities of gout and with therapeutic effect of allopurinol in Chinese Han male patients who were diagnosed with gout primarily without predisposing diseases, especially cancer and renal dysfunction.

Results {#Sec2}
=======

Totally 1205 gout patients were enrolled. Clinical features of all the patients at baseline were summarized in Table [1](#Tab1){ref-type="table"}. For the examination of the effects of the *ABCG2* rs2231142 genetic polymorphism on gout and its comorbidities, levels of serum uric acid and other biochemical results were compared among different genotype groups at baseline. The mean values and standard deviations of these baseline parameters were shown in Table [1](#Tab1){ref-type="table"}. Compared with the therapeutic goal of allopurinol administration, which is SUA of 6 mg/dL, this group had a much higher mean baseline SUA of 474 μmol/L (8.7 mg/dL), which was consistent with the previously reported values in uncontrolled gout \[[@CR20]\]. There are significant differences in SUA and SCr amongst the three groups: patients with the TT genotype had higher levels than those of the groups with the TG and GG genotypes (*P* \< 0.001 and *P* = 0.005, respectively; Table [1](#Tab1){ref-type="table"}). However, the other parameters had no significant differences among the groups with GG, GT and TT genotypes.Table 1Associations of the single-nucleotide polymorphisms rs2231142 in *ABCG2* with the clinical features of the gout patientsParameterBaseline (mean ± SEM)(1)GG(2)TG(3)TT(1)vs.(2)vs.(3) F/x^2^, *P* valuePartialη^2^Age52.75 ± 12.8852.74 ± 13.0452.95 ± 12.7752.35 ± 12.970.208,0.8120.000BMI (kg/m^2^)27.16 ± 3.6227.56 ± 3.5827.07 ± 3.9026.89 ± 3.032.765,0.0630.005SBP (mmHg)137.53 ± 19.90138.24 ± 19.21137.13 ± 19.83137.53 ± 20.790.289,0.7490.001DBP (mmHg)89.48 ± 12.9589.83 ± 12.6289.10 ± 13.0489.87 ± 13.130.450,0.6380.001FPG (mmol/L)6.19 ± 1.706.18 ± 1.696.22 ± 1.776.11 ± 1.450.435,0.6470.000Triglyceride (mmol/L)2.45 ± 2.202.49 ± 2.252.41 ± 2.222.38 ± 1.560.234,0.7910.001Total cholesterol (mmol/L)5.25 ± 1.195.29 ± 1.145.21 ± 1.235.29 ± 1.140.641,0.5270.001SUA (μmol/L)474.51 ± 111.37466.37 ± 115.83\*464.58 ± 112.59\*496.99 ± 104.438.798,\< 0.0010.014Urea nitrogen (mmol/L)5.81 ± 2.835.80 ± 1.925.78 ± 3.075.93 ± 3.290.259,0.7710.001SCr (μmol/L)90.75 ± 42.3987.18 ± 24.90\*89.13 ± 31.42\*97.74 ± 67.695.400,0.0050.010Data are the mean ± SEM. Statistical significance was defined as *P* \< 0.05. Partial η^2^ is effect size. β = 0.2*BMI* body mass index, *SBP* systolic blood pressure. *DBP* diastolic blood pressure, *FPG* fasting plasma glucose, *SUA* serum uric acid, *SCr* serum creatinine

The association between the SNP rs2231142 and the common comorbidities of gout was analyzed and the results were listed in Table [2](#Tab2){ref-type="table"}. The frequency of nephrolithiasis for the patients with the TT genotype is less than that with the GG and TG genotypes, and the difference showed obvious statistical significance, as *P* = 0.006 and OR = 0.54 (0.35--0.84) for GG vs. TT, *P* = 0.012 and OR = 0.60 (0.41--0.90) for TG vs. TT, and *P* = 0.014 for the comparison among the three groups. In addition to that, the significant difference was also observed in the frequencies of CKD (*P* = 0.026), which had increased frequency for TT patients compared with the other two genotypes as illustrated in Table [2](#Tab2){ref-type="table"}. In addition, for GG vs TT, OR = 1.54 (1.11--2.14); for TG vs. TT, OR = 1.39 (1.03--1.86). Except for nephrolithiasis and CKD, none of the other listed comorbidities were found to be associated with different genotypes of rs2231142, suggesting a unique association between the SNP and renal comorbidities. Thus, additional analysis was included to further explore the associations between rs2231142 and CKD stages. Among these individuals with gout, 540 patients had chronic kidney disease stage =1, 104 patients had chronic kidney disease stage≥2, as well as 13 patients chronic kidney disease stage≥3. The results listed in Table [2](#Tab2){ref-type="table"} showed the differences in the occurrences of CKD stage = 1 and those in group CKD stage≥2 were statistically significant regarding genotypes of *ABCG2* gene polymorphism (*P* \< 0.001 and *P* = 0.026); whilst the difference was not statistically significant in group CKD stage≥3.Table 2Associations of the single-nucleotide polymorphisms rs2231142 in *ABCG2* with comorbidities of the gout patientsComorbidities (with/without)(1) GG(2) TG(3) TT(1)vs.(2)vs.(3) F/x^2^, *P* value(1)vs.(2) F/x^2^, *P* value(1)vs.(2)\
OR\
(95% CI)(1)vs.(3) F/x^2^, *P* value(1)vs.(3)\
OR\
(95%CI)(2)vs.(3) F/x^2^, *P* value(2)vs.(3)\
OR\
(95%CI)HypertentionW/O^a^198/110340/226175/1201.952,0.377--1.19--1.08--0.91(*n* = 713)%^b^64.360.159.3(0.91--1.44)(0.79--1.48)(0.69--1.20)DiabetesW/O48/270109/47154/2412.033,0.362--0.95--1.23--1.29(*n* = 211)%^b^15.118.818.3(0.60--1.51)(0.70--2.15)(0.79--2.12)HyperlipidaemiaW/O215/106387/202206/950.684,0.711--1.17--1.39--1.2(*n* = 808)%^b^67.065.768.4(0.87--1.59)(0.91--1.99)(0.86--1.63)ObesityW/O234/63411/140209/732.276,0.320--1.44--1.75--1.21(*n* = 854)%^b^78.874.674.1(1.09--1.90)(1.26--2.43)(0.90--1.64)TophiW/O62/214116/41468/2021.137,0.566--1.02--0.84--0.83(*n* = 246)%^b^22.521.925.2(0.71--1.44)(0.57--1.25)(0.59--1.17)NephrolithiasisW/O62/231109/45039/2678.495,0.0140.331,0.5650.787.561,0.0060.546.361,0.0120.60(*n* = 210)%^b^21.219.512.7(0.55--1.12)(0.35--0.84)(0.41--0.90)CKDW/O159/145306/251179/1067.291,0.0260.550,0.4590.906.637,0.0101.544.781,0.0291.39(*n* = 854)%^b^52.354.962.8(0.68--1.19)(1.11--2.14)(1.03--1.86)CKDstage = 1(*n* = 540)13425914752.478,\< 0.001%^c^44.146.551.6CKDstage≥2(*n* = 104)2547327.288,0.026%^c^8.28.411.2CKDstage≥3(*n* = 13)2472.923,0.232%^c^0.60.72.5*CI* confidence interval, *OR* odds ratio^a^ The number of the patients of the same genotype with/without the comorbidity (Patients with uncertain status of the comorbidity were excluded)^b^ The frequency of the comorbidity in the patients with the same genotype (Patients with uncertain status of the comorbidity were excluded)^c^ The frequency of CKD at a certain stage in the patients with the same genotype (Patients with uncertain status of CKD were excluded)

ABCG2, in addition to its function as UA transporter, is alternatively known as Breast Cancer Resistance Protein (BCRP) \[[@CR21]\]. In view of the relevance of BCRP, the relevance of rs2231142 to the allopurinol reaction was also assessed. There were 922 gout patients received allopurinol treatment, 369 (40.0%) patients of whose had good compliance with treatment, while 273 (29.6%) of whose had poor compliance with treatment. Another 280 people cannot be classified as the allopurinol dose did not reach 300 mg per day or above. However, *ABCG2* SNP rs2231142 and allopurinol response was not significantly associated, because the odds ratio (OR with 95% confidence intervals) was 1.256 (0.813--1.941) between the groups with phenotype GG and TT, and OR was 1.132 (0.774--1.657) between the groups with phenotype TG and TT, respectively, *P* = 0.588 (Table [3](#Tab3){ref-type="table"}).Table 3Genotype distributions of good responders and bad responders carrying the ABCG2 rs2231142 variantrs2231142n(1)GG(2)TG(3)TT*x*^2^,P(1) vs (3)\
OR(95%CI)(2) vs (3)\
OR(95%CI)Good responders36990 (24%)178 (49%)101 (27%)1.062,0.5881.256 (0.813--1.941)1.132 (0.774--1.657)Bad responders27375 (27%)131 (48%)67 (25%)

Discussion {#Sec3}
==========

Zhu et al. \[[@CR6]\] recently found that gout comorbidities have increased prevalence. The prevalence of a specific comorbidity in gout population might be 2--3 times higher compared to that of the same disorder in the population without gout. ABCG2, a drug exporter BCRP, usually has its expressions on epithelial cells of renal tubules \[[@CR22]\] and small intestine \[[@CR23]\]. The previous genetic and functional analysis \[[@CR24]\] revealed high capacity of ABCG2 as the urate exporter, and the reduction in its transport function due to SNP rs2231142, a relatively common variant. Recently, this dysfunctional SNP was revealed to result in hyperuricaemia and decreased intestinal urate excretion, according to research on *ABCG2*-knockout mice \[[@CR25]\] and hyperuricaemic patients \[[@CR26]\]. This variant was also verified to cause destabilized BCRP and decreased expressions on the plasma membrane \[[@CR21]\], which then lead to BCRP-mediated oxypurinol and allopurinol efflux modulation. According to the original genome-wide replication studies and association scans, common variants in ABCG2 (i.e. rs10011796 and rs2231142) demonstrated the strongest associations with gout \[[@CR27], [@CR28]\]. To our knowledge, the research presented here is the first evaluation of the connection between the *ABCG2* rs2231142 SNP and gout comorbidities among the Chinese Han male population.

CKD, a severe disease with poor prognosis even leading to mortality, is generally considered as a remarkable gout comorbidity. Among all the US adults with gout, approximately 70% (5.5 million) had some degree of CKD \[[@CR6]\]. This was in agreement with our findings in Chinese Han male patients, which indicated 56% of the participants showed an eGFR \< 90 ml/min/1.73 m2. This study revealed that *ABCG2* SNP rs2231142 was associated with gout renal comorbidities including nephrolithiasis and CKD. Significant differences in nephrolithiasis were detected, i.e. patients with TT genotype showed less occurrence than those with GG and TG genotypes. Similarly, CKD also demonstrated trends towards such associations. The differences in genotype caused significant variation in the occurrence of CDK stage = 1 and CDK stage≥2.

Allopurinol, a purine analogue which is normally metabolized into oxypurinol, is now the first-line medication to prevent gout \[[@CR20]\]. Previous research suggested that the human *SLC2A9* \[[@CR29]\] or *URAT1* \[[@CR30]\] variants might affect the responses to allopurinol treatment in gout patients. However, rs2231142 was still the candidate genetic factor associated to poor response to allopurinol of the most research interest. Although little has been reported on the molecular mechanism of *ABCG2* expression and allopurinol pharmacodynamics and pharmacokinetics, the association had been confirmed by previous studies.. A recent study focusing on the New Zealand population with gout confirmed that rs2231142 but not rs10011796 has a relationship with the efficacy of allopurinol monotherapy \[[@CR15]\]. And Wallace et al. \[[@CR31]\] had also confirmed association of ABCG2 rs2231142 with poor response to allopurinol based on this NZ study together with Lasso study \[[@CR32]\]. Interestingly, the finding of our present study suggested that the *ABCG2* SNP and the response to allopurinol monotherapy were not associated in Chinese Han gout patients. Among 922 patients with gout who were administrated with allopurinol, 40.0% patients were good responders, and 29.6% were poor responders, but each genotype of rs2231142 showed no particular association with allopurinol response (*P* = 0.588). Compared with the previous studies which had opposite conclusion, although it was possible that the ethnicity of population was the cause for the inconformity, the limitations of this study might interfere the analysis as well. The most predominant limitation for this section might be the neglection of drug adherence during participants selection. Both the two previous studies mentioned above had confirmed drug adherence in the participants, therefore those conclusions were less vulnerable to interferences such as inconsistent doses of allopurinol and altered pharmacokinetics by impaired organ function. Even with confirmed drug adherence, it was suggested the metabolizing process and drug response of allopurinol would still be interfered by renal insufficiency \[[@CR15]\]. Herein, the other limitation worth to consider is the stratification of patients according to renal function, although the patients with predisposing renal insufficiency or renal failure was excluded from this study. CKD at various stages might also mask the positive association between genetic factor and drug response. Therefore, in follow-up studies, if the assessment of association can be designed based on division of groups with different kidney functions, the association between rs2231142 and allopurinol response might be further revealed for clinical significance.

Previous meta-analysis across race groups (including 238 East Asians) showed that the effects of a specific variant of rs2231142 were consistent among all ethnic groups, whereas various SNPs in *ABCG2* would change the direction and strength of association with allopurinol responses \[[@CR33]\]. Thus, although some authors identified *ABCG2* rs2231142 GG carriers for better compliance with allopurinol treatment in gout, results herein indicate no difference in allopurinol response for rs2231142 polymorphism genotypes. This result, although "negative", will be useful for future meta-analysis studies.

Collectively, although the rs2231142 genotype and in group CKD stage = 1 and those in group CKD stage≥2 was statistically significant with a large sample, the work presented here used limited size of sample (especially in the group with an CKD stage≥3) which are from a single Chinese Han male population. Additionally, many individuals were unaware of the renal disease until advanced stages of gout. Therefore, it is necessary to replicate this investigation to other populations and on larger cohorts, to verify the influence of *ABCG2* SNP as a risky factor in prognosis of gout renal comorbidities.

Conclusions {#Sec4}
===========

The results indicated that ABCG2 rs2231142 may predict the risk of specific kidney comorbidities for primary gout patients in a population of Chinese Han male, but not allopurinol response. In the larger gout populations, more research is therefore required, to integrate the effects of genetic and acquired risk factors on urate transport to more accurately predict and prevent acquired comorbidities (e.g., CKD, nephrolithiasis, hypertension). Additionally, further omics approaches (epigenetic, transcriptomics, and proteomics studies etc.) are suggested to fully reveal the molecular mechanism of the pathogenesis for gout, and to allow the development of more personalized and highly efficient treatment plans.

Methods {#Sec5}
=======

Individuals and study design {#Sec6}
----------------------------

Totally 1205 newly diagnosed gout arthritis male patients without a history of any urate-lowering medications were enrolled from the outpatient clinics in the Affiliated Hospital of Qingdao University, China, for the project in 2014--2018, complying with the Declaration of Helsinki.. Those with secondary gout (induced by cancer, use of diuretics, or renal insufficiency) were excluded. All the patients were diagnosed in accordance with the criteria for gout of American College of Rheumatology \[[@CR34]\], who were provided with information about gout and advice for the treatment, e.g. diet and exercise. This study was designed to combine clinical diagnoses, physical examinations, interviews, pharmacy utilization and various laboratory data.

Anthropometric and biochemical measurements {#Sec7}
-------------------------------------------

During clinic interviews, all subjects were asked questions about the comorbidities of interest, e.g. hypertension, diabetes mellitus, hyperlipidaemia, obesity, tophi, nephrolithiasis and chronic kidney disease (CKD). The body mass index (BMI, kg/m2) was calculated for each patient. Additionally, systolic and diastolic blood pressure (BP, mmHg) were measured. Levels of fasting serum glucose (FPG, mmol/L), triglycerides (TG, mmol/L), total cholesterol (TC, mmol/L), SUA (μmol/L), and serum creatinine (SCr,μmol/L) were measured after a 12-h fast state (Model 200; Toshiba, Tokyo, Japan). Modification of Diet in Renal Disease (MDRD) equation was used to calculate the estimated glomerular filtration rate (eGFR) and wherefore to evaluate the renal function in gout patients \[[@CR35]\]. The equation is: eGFR = 186 × (SCr/88.4)-1.154 × age − 0.203. The eGFR was classified as normal, mildly impaired (stage 1), moderately impaired (stage 2), and severely impaired (stage 3) according to the following cutoffs: ⩾90, 60 to 89, 30 to 59, and \< 30 mL/min/1.73 m^2^, respectively \[[@CR36]\]. A total of 642 patients were selected for this section, who had the mono-allopurinol prescription with an untreated SUA obtained at most 18 months before the prescription. Good response had the definition of SUA⩽6 mg/dl on allopurinol ⩽300 mg/d; while poor response had the definition of SUA⩾6 mg/dl despite allopurinol⩾300 mg/d \[[@CR15]\]. Affymetrix Axiom Genome-Wide CHB Array was used to conduct genotyping.

Statistical analysis {#Sec8}
--------------------

SPSS software (IBM Corporation, Armonk, USA) was used for all calculations and statistics. Data are presented in the format of mean ± SD or n (%). Differences among the three genotypes were analyzed with Kruskal-Wallis test or ANOVA followed by the Student-Newman-Keuls multiple range test. Incidence of comorbidities in gout patients was assessed with the Student t test for continuous data and chi-square test for categorical data. Linear regression was conducted to assess associations of variables with therapeutic effect of allopurinol and also associations between variables. Statistical significance was defined as *P* \< 0.05 (two-tailed). The odds ratio (OR) values are presented with 95% confidence intervals (CIs).
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